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FOREWORD 
This final report contains the major results obtained from a laboratory study 
directed toward developing a better understanding of the chemical activity and phenomena 
of comets. This includes all the work that has been completed to the publication stage. 
Some sections of the program have not been included in this report because the results 
have not progressed sufficiently to qualify for  publication. These areas include some 
results in both the electron bombardment of low-pressure gases and the singlet-triplet 
C studies. 
2 
The Whipple comet model has been used as a basis for the laboratory research 
program. The most important aspect of this model is the postulation that a comet 
nucleus is a low-temperature solid containing large quantities of water, methane, and 
ammonia. The coma and tail are considered to be very low-pressure gases. The 
energy environment for the comet is assumed to be the vacuum-ultraviolet radiation 
from the sun and the energetic protons and electrons in the solar wind. 
The photochemical studies have been active for several years now, and it is 
interesting to review some of the unusual and unexpected differences that have been 
found between related molecules. 
process 
1 For instance, we have shown that the primary 
1 
H 0 + hv + H20 + O( D) 
2 2  
accounts for less than 1% of the photochemical decomposition at 2537 and 1236i .  In 
contrast to this, it has previously been shown that the related process in water 
pho to1 ys i s 
1 
H 2 0  + hv 4 H2 + O(D) 
accounts for 25% at 1236w2 and 6% at 1 4 7 0 i . 3  This suggests that photolysis of H 0 is 
a more likely source thanphotolysis of H 0 for O(lD) observed in comets 2 2  
2 
1 3 
5 5 7 7 i  O( D) -t O( P) + hv 
Differences in emission spectra during photo1 sis have been noted previously. 1 Thus, photolysis of NH3 yields the NH(c h) 
N2H4 yields the cometary "(A%) -.) NH(X% -) emission at 3 3 6 0 i .  * Similarly, 
although no emissions are observed during photolysis of C H o r  C2H6y photolysis of 
C2H2 yields an emission consistent with the C2 Swan systZm.45 In this connection it 
is interesting to note that, in the related molecule methylacetylene, the process 
"(a A )  emission at 3240w, while 
ii 
6 
accounts for less than 2% of the photochemical decomposition at 1470 and 12361. 
This is somewhat surprising in view of the importance of analogous processes in the 
photolysis of acetylene7 and diacetylene. 8 
2 
C H  + h v - C  + H  
2 2  2 
C H  + h v - , C  + C H  
4 2  2 2 2  
An important primary process of cometary significance for which some initial 
evidence has been obtained i s  the direct formation of C3 in the photolysis of 
methylacetylene. 
of molecular H2, followed by decomposition of the excited C3H2 fragment to C3 and H2. 
The overall process 
Present evidence suggests that this occurs by initial removal 
C H  + h v - , C  + 2 H 2  
3 4  3 
i s  energetically possible for wavelengths below 1958i. 
Photochemical studies during this year have included work with N2H4, H202, 
and CH3C CH, and are reported in sections 1, 2 ,  and 3, respectively. 
In studies on the C2 radical, the steady-state concentration levels in terms of 
optical density have been measured for C2 b hU state and are reported in section 4. 
The rapid r i s e  and high levels of optical density are suggestive of direct production 
of C2 singlet from cyanogen radicals. Further work has yielded data related to the 
production of the triplet system of C2. Although not completely reduced, this data 
suggests production of the triplet state by collisional interchange of the singlet state. 
In the electron bombardment experiments of low-pressure gases, the only 
positive identifications in the emission spectra have been for  the CH and C2 radical 
from a number of molecules. These results are discussed in some detail in the CHq 
and C2H2 papers presented in sections 5 and 6, respectively. Other molecules have 
been examined in less detail and include C2H6, CH2 = C = CH2, CH3C E CH, and 
C2H4* 
, The titles of the papers included in this report are: 
Vacuum-Ultraviolet Photochemistry. VIII. Photolysis of Hydrazine - 15N 
in the Presence of 1 4 N 0  at 1470 A 
Vacuum-Ultraviolet Photochemistry. E. Primary and Chain Processes 
in the Photolysis of Hydrogen Peroxide 
Vacuum-Ultraviolet Photochemistry. X. Primary Processes in the 
Photolysis of Methylacetylene at 1470 and 1236 w 
iii 
iv 
0 The Production of Singlet C in Shock-Heated Cyanogen 
0 Electron-Impact Emission Spectra. I. Methane 
2 
4 Electron-Impact Emission Spectra. II. Acetylene 
It is expected that, with further laboratory experiments and theoretical studies, 
cometary phenomena will become better understood. Areas requiring laboratory informa- 
tion include: (1) quantitative primary decomposition mechanisms for simple and complex 
molecules absorbing photons o r  decomposing upon particle impact, (2) chemical and 
physical properties of low-temperature solids, and (3) physical and chemical properties 
of free radicals in the gas phase. 
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SECTION 1 
VACUUM-UL TRAVIOLE T PHOTOCHEMISTRY. VIII. 
PHOTOLYSIS OF  HYDRAZINE - 15N IN THE 
PRESENCE OF 1 4 N 0  A T  1470 A 
1-1 
VACUUM-ULTRAVIOLET PHOTOCHEMISTRY. VID. 
15 
PHOTOLYSIS O F  HYDRAZINE - N I N  THE PRESENCE O F  1 4 N 0  AT 1470 A * ?  
L. J. Stief and V. J. DeCarlo 
N67- 32290  
Research Division, Melpar, Inc., Falls Church, Va. 
ABSTRACT 
The relative contributions of direct molecular elimination and radical dispropor- 
tionation reactions to the formation of non-randomized nitrogen in the photolysis of 
hydrazine and hydrazine - 15N have been determined by examinin the production of 30N2 
in the photolysis of hydrazine - 15N at 1470 w in the presence of '%NO. The limiting 
value of the ratio H2/ N2 is close to two and suggests that the mechanism of the 
molecular elimination processes is best represented by the sequence N2H4 + N2H2 + H2, 
N2H2 -.) N2 + H2. The ratio of disproportionation to comb' ation of radicals in the system 
of l5NH2 with 1 4 N 0  while the formation of 28N2 is discussed in terms of the reaction of 
atomic hydrogen with 14N0.  
30 
(N2H3 and "2) is approximately five. The formation of b3 N2 is attributed to the reaction 
*This research was  supported by the National Aeronautics and Space Administration under 
Contracts NASw-890 and NASw-1417. 
t Presented in part at the 152nd national meeting of the American Chemical Society, 
New York, N.Y. ,  Sept. 1966. 
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I. INTRODUCTION 
Photolysis of mixtures of hydrazine and hydrazine - 15N at 1470w results in 
the formation of isotopic nitrogens which are only 13% randomized. 
of non-randomized nitrogen has been shown to be consistent with the occurrence of 
direct elimination of nitrogen and radical disproportionation. The first step in the 
direct molecular elimination of nitrogen may be either the formation of diimide (N2H2) 
and molecular hydrogen 
The production 
N H  + h v ' N H  + H  
2 4  2 2  2 
o r  the formation of atomic hydrogen and excited N H with subsequent decomposition 
o f N  H 2 3  
2 3  
N H  + h v - N H  * + H  
2 4  2 3  
* 
N2H3 -.) N H + H. 
2 2  
Molecular formation of nitrogen then results from decomposition of the unstable N,Hq 
formed in (A) and/or (El). 
N2H2' N2 + 2 
Radical disproportionation 
2N2H3 .-) N2H2 + 
may involve disproportionation of N H 2 3  
N2H4 
o r  cross-disproportionation of NH and N H 
2 2 3  
3 N H  + N H 2 - ' N H  + N H  2 3  2 2  (4) 
with the non-randomized nitrogen resulting from the decomposition of N H 2 2' 
The relative importance of direct molecular elimination and radical dispropor- 
tionation in this system has now been determined by examining the production of 30N2 
from the photolysis of hydrazine - 15N in the presence of 14N0.  The method depends 
on the reaction of 30N2H3 and 15NH2 with 14N0  to produce products - other than 30N2. 
N H  + N O -  N O + "  
2 3  2 3 
1-3 
Formation of ?‘ON2 in the presence of I4NO i s  then attributed to the direct molecular 
process, 
must he attained with the resultant elimination of the disproportionation reactions (3) 
and (4). In addition, it is expected that the added NO will not interfere with the 
occurrence of primary processes in N2H4 photolysis. 
For this interpretation to be valid, complete scavenging of N2H3 and NH2 
Other aspects of the photochemistry of hydrazine, especially the evidence for 
the occurrence of the primary process 
+ h v - + N H  + H  
‘2 H4 2 3  
6 
have been discussed in a previous communication. 
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11. EXPERIMENTAL 
A. Light Source 
The Xe resonance lines (1470 and 1295w) were excited in an air-cooled, 
electrodeless discharge operated by a Raytheon 2450-Mc microwave generator. 
Details of design, construction, and operation of the lamps are similar to those 
given elsewhere7 for Kr resonance lamps. 
xenon and the sidearm was cooled with liquid oxygen. A sapphire window eliminates 
the 1295w line. Windows were attached to the lamp bodies with "Torr-Seal'' obtained 
from Varian Associates. The spectral purity of the Xe lamp has been discussed 
previously. 6 
The lamps were filled with 0.75 to r r  
B. Materials 
15 15 
N was prepared by photolysis of ammonia - 15N (97.3% Hydrazine - N; 
Merck, Sharp and Dohme of Canada, Ltd. ), using either a medium pressure mercury 
lamp with a quartz envelope o r  a low pressure microwave-operated mercury resonance 
lamp with a sapphire window. 
used for preparation of the hydrazine - 15N. The pressure of ammonia - 15N was 
approximately 20 torr, and the hydrazine product was collected in a trap at -80°C. 
Yields of hydrazine were very low. Based on the isotopic nitrogen formed in the 
photolysis of hydrazine - 15N alone, the compound is better than 90% 15N. 
The photolysis cell described in the next section was 
Xenon was obtained from the Air Reduction Company, Je rsey  City, New Jersey,  
and was degassed at -196°C (liquid N2). Nitric oxide was obtained from the Matheson 
Company, Inc. Nitrogen was removed from nitric oxide by continued thawing and 
pumping on a sample maintained at -210°C (solid N2). Nitric oxide was always 
admitted to the reaction vessel from a t rap maintained at -183°C (liquid 02) to prevent 
contamination from other oxides of nitrogen. 
C. Procedure 
The vacuum system was mercury-free and stopcocks were greased with 
Apiezon-N grease. Pressures were measured in the reaction volume with a Granville- 
Phillips capacitance manometer used as a direct reading instrument. The complete 
photolysis cell consisted nf the following parts: a 50 cc cylindrical Pyrex cell (2.7 mm ID, 
12 cm long) fitted with a 25 mm LiF  window; an all-glass, solenoid-operated circulating 
pump; a U-shaped trap which was in the circulation path and immediately adJacent to 
the reaction cell; a one liter bulb which was also in the circulation path. 
All experiments were performed at room temperature (25°C). Photolyses were 
always conducted in pairs  with photolysis of hydrazine - 15N alone immediately preceding 
the photolysis of the mixture of hydrazine - 15N and 1 4 N 0 .  
minutes, which corresponds to 25% conversion. Separate experiments have shown that 
Photolysis times w e r e  60 
1-5 
the rate of N and H2 formation is  constant up to at least 40% conversion. Hydrazine - 
added to the required pressure and the cell isolated from the vacuum system. The 
reactants were frozen at -210°C for the NO experiments and pumped briefly. The trap 
temperature was raised to 250"C, and the gases were mixed by means of an all-glass, 
solenoid-operated circulator for 30 minutes pr ior  to commencement of the photolysis. 
Circulation was continued during the photolysis. After completion of the photolysis, 
the reactants were frozen in the trap at -196" o r  -210°C. The cold t rap was in the 
circulation path, and circulation through the t rap  was continued for 30 minutes before 
a sample of the noncondensible gases was taken by expansion into a sample bulb. 
Analysis for hydrogen and for isotopic nitrogen was performed in a Consolidated 21-130 
mass spectrometer by direct  expansion of the gas from the sample bulb. The 
sensitivities of all the isotopic nitrogens were assumed to be the same as that for  
The sensitivities for 28N2 and for H2 were determined for our  spectrometer 
immediately before commencing this series of experiments. 
2 
was admitted to the cell, frozen at -80°C, and pumped briefly. Nitric oxide was 
28 
N2. 
1-6 
III. RESULTS 
30 29 28  
The products examined in these experiments were N2, N2, N2, and 
H2. For the isotopic nitrogens, rates a r e  quoted relative to that for 30N2 in the 
"NO concentration are given in this section. 
hotolysis of hydrazine - 15N alone. These relative rates and their dependence on 
The effect of 14N0 on the production of 30N2 in the photolysis of 0 . 5  torr 
hydrazine - 15N at 1 4 7 0 i  is shown in figure 1. Addition of 5 to 50% 14N0 reduces 
the rate of formation of 30N2 to 25% of its value in the absence of 14N0. 
The addition of 14N0 also leads to the formation of 29N2, and the results are 
shown in figure 2.  The rate of formation of 29N2 amounts to about 25% of that for 
30N2 in the photolysis of 30N2H4 alone. Again, the 29N2 rate appears to be inde- 
pendent of the concentration of 14N0 in the range 5 to 50%. Corrections for the 
29N2 formed due to the presence of 14N in the hydrazine - 15N were applied on the 
basis of the isotopic nitrogens formed in the photolysis of hydrazine - 15N alone. 
This correction amounted to about one-third of the total 29N2 formed and was 
always based on a hydrazine - 15N photolysis being performed immediately prior 
to the photolysis of the hydrazine - 15N plus 14N0 mixture. 
Substantial formation of 28N2 occurs in the 1 4 7 0 i  photolysis of 30N2H4 in 
the presence of 14N0. A correction was made for the amount of 28N2 formed from 
the 14N present in the hydrazine - 15N. The rate of formation of "N2 is shown in 
figure 3 to be a linear function of the presence of 14N0 in the range 10 to 50% 14N0. 
The non-zero intercept in figure 3 is worthy of note. With up to 10% 14N0,  the rate 
of formation of 28N2 is no more than the uncertainty in the results. At 25% 14N0 
the rate of formation of 28N2 is comparable to that for 29N2, while a t  50% 14N0 
the 28N2 rate is nearly three times this amount. 
The effect of I4NO on the ratio of H2 to 30N2 in these experiments is shown 
in table I. After  an initial increase at low concentrations of 14N0, the ratio 
30 
H2/ N2 reduces to a limiting value of 2 . 3 .  
1-7 
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Figure 1. Dependence of Rate of Formation of 30N in the Photolysis of Hydrazine - 15N 
at 1470 A on % 14N0 
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Figure 2. Rate of Formation of 29N2 in the Photolysis of Hydrazine - 15N at 1470 in the 
Presence of l4N0  Relative to the Rate gf Formation of 30N in the Absence of 14N0 
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Figure 3. Rate of Formation of 28N2 in the Photolysis of Hydrazine - 15N at 1470 in the 
Presence of 14N0 Relative to Rate of Formation of 30N in the Absence of 14N0 2 
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TABLE I 
30 14 DEPENDENCE OF THE RATIO OF H to N~ ON % NO IN 2 
THE PHOTOLYSIS O F  HYDRAZINE - 15N AT 1470i 
%14~0  a 
FNO 
30 
H2’ N2 
0 
5 0.24 4.0 
9 0.46 3.3 
25 1.50 2 . 3  
50 4.40 2 .4  
is the percent of the 1470i  radiation absorbed by I4NO. 
a. FNO 
1-11 
IV. DISCUSSION 
A. Relative Contribution of Direct Molecular Elimination to the Formation of 
Non-Randomized Nitrogen 
If the only contributions to the formation of non-randomized Fitrogen in 
the photolysis of mixtures of hydrazine and hydrazine - 15N at 1470A are direct  
molecular eliminations of nitrogen and disproportionation of N2H3 and NH2 
radicals, 
of these radicals should be a direct measure of the molecular elimination processes. 
In the presence of I4NO, the radical-radical disproportionation reactions (3) and 
(4), as well as the radical-radical combination reactions (7) and (8) 
the rate of formation of nitrogen under conditions of complete scavenging 
15NH2 + 30N2H3 .-) 30N2H2 + 15NH3 
3 0 ~ 2 ~ 2  .-) + H~ 
2 30N2H3 -, 30N2 + 2 15NH3 
2 15NH2 .-) 30N2 + 2H2 
(7) 
will be replaced by the reactions 2-5 
I5NH, + 14N0 .-) 29N, + H,O 
P 4. L 
Since the rate of formation of 30N2 shown in figure 1 and of 29N2 shown in 
figure 2 are both independent of the concentration of I4NO from 5 to SO%, complete 
scavenging of both N2H3 and NH2 was achieved in these experiments even at 5% 14N0. 
Hence production of 3oN2 in  the presence of 14N0 is a measure of the primary 
process leading to molecular N2. Since 30N2 found in the presence of 14N0 accounts 
fo r  25% of all the N2 formed in the photolysis of hydrazine and since we have 
previously determined6 that the quantum yield of N2 formation in the photolysis of 
0. 5 t o r r  hydrazine at 147033 is 0. 50, it follows that the quantum yield of the primary 
process yielding molecular N2 is 0. 12. 
1-12 
. 
B. Mechanism of Molecular Elimination of Nitrogen and Hydrogen 
Molecular elimination may occur by formation of N2H2 and molecular hydrogen 
or  formation of atomic hydrogen and excited N H with subsequent decomposition 
2 3' of N2H3. 
Both will be followed by decomposition of the unstable diimide, probably according 
to the reaction 
The stoichiometry of these two alternate molecular mechanisms is as follows: 
A determination of the mechanism of molecular elimination of nitrogen and hydrogen 
thus depends on a measure of the ratio of H2 to N2 under conditions of complete 
scavenging of 1 N2H3, NH2, and H. 
while mechanism (B) leads to a ratio of H2/N2 = 1. 
Mechanism (A) leads to a ratio of H2/N2 = 2, 
The limiting value for the ratio H,/30N2 was observed to be 2 . 3  *O. 2 in the 
photolysis of 30N2H4 in the presence of 14NO. This i s  more consistent with the 
stoichiometry of mechanism (A). Our previous observation6 that, in the presence 
of C2D4, the H2/N2 ratio is unity can no longer be taken as evidence' for mech- 
anism (B). 
formation under these conditions results from the disproportionation-of radicals - 
reactions (3) and (4) followed by (2) - since these reactions are the major source 
of N2 and H2 under these conditions. 
The present experiments now show that the equality of H, and N2 
The initial increase shown in table I in the ratio H2/30N2 upon addition of 5% 
14N0 is consistent, with complete scavenging of N2H3 and NH2 at this concentration 
(figures 1 and 2) but little o r  no scavenging of atomic hydrogen. 
the fact  that, although 30N2 and H2 are reduced by equal amounts, due to the elimi- 
nation of reactions (3) and (4), the relative reduction in  30N2 is larger  than that 
fo r  H2. 
This follows from 
This is best illustrated by a numerical example. The quantum yields of 
1-13 
H2 and N2 formation in  photolysis of pure N2H4 a r e  0.7 and 0.5,  respectively, 6 
leading to a ratio of H2/N2 of 1.4. Addition of 5% 14N0 reduces the quantum yield 
of N2 formation to 0. 12. Thus the decrease in  N2 yield is 0. 38. 
Now, in the absence of H atom scavenging, the decrease in N2 and H2 
yields should be the same due to elimination of the sequence of reactions (3) ,  (4) ,  
and (2). Thus the original H2 yield of 0. 70 is reduced by 0. 38 to 0. 32, and the 
resulting value of H2/N2 is 0. 32/0. 12, or 2. 7. From the results i n  table I, a 
value of Hz/N2 = 4 is observed at 5% NO, and a value of H2/N2 = 3 . 3  at 9% NO. 
Further addition of NO leads to scavenging of atomic hydrogen and a lowering of 
the H2/N2 ratio to the limiting value near two. The trends in the formation of 28N2 
(see below) are also consistent, with little or no scavenging of atomic hydrogen 
below 10% NO. 
It may therefore be concluded that, in the absence of any effect of 14N0 on 
the occurrence of primary events and in  the absence of complicating secondary 
reactions leading to H2 at high NO concentrations, the results are more consistent 
with the occurrence of the primary process (A) in  which molecular detachment of 
hydrogen is followed by decomposition of diimide to N2 and H2. 
C. Ratio of Disproportionation to Combination of Radicals 
Disproportionation of N H 2 3  
2N2H3 + N2H2 + N2H4 
or  cross-disproportionation of NH2 
(3) 
and N2H3 
followed by decomposition of N2H2 to N2 and H2, results i n  the production of non- 
randomized isotopic nitrogen from the photolysis of mixtures of hydrazine and 
hydrazine - 15N. If the only contributions to the formation of non-randomized nitrogen 
a r e  disproportionation of radicals and direct molecular elimination, the difference 
between the total non-randomized nitrogen' (87% of 0 . 5 0 ,  or  rq = 9.44) and that portion 
due to the direct molecular process (cp = 0 . 1 2 )  may be attributed to the disproportionation 
of radicals (0 .44  - 0 . 1 2 ,  orcp = 0.32).  
1 
The randomized nitrogen (0 .13  x 0 . 5 0 ,  o r  cp = 0.06)  results from the combi- 
nation of radicals: 
2N2H3 + N 2 + 2 N H 3  (7) 
2 2" -, N + 2 H  2 2 
1-14 
In reaction (7),  it is assumed that the N 2  is formed from the central N atoms of 
the intermediate tetrazene and that "3 is formed from the terminal atoms. 
15 15 14 29 14 
( 7 4  30N2H3 + 28N2H3 + H -N -N -N 'N - H -  N2 + 15NH3 + NH3 
I I I  I 
H H H H  
On this basis, the ratio of disproportionation to combination of the redicals i n  this 
system (N2H3 and possibly also NH2) is 0.32/0.06, o r  approximately five. 
D. Formation of the NH2 Radical in the Photolysis of Hydrazine 
The formation of 29N2 in the photolysis of 30N2H4 in the presence of 1 4 N 0  
may be taken as evidence for the presence of 15NH2 in this system. I 
15NH2 + 1 4 N 0  4 29N2 + H 2 0  (6) 
The rate of formation of 29N2 under these conditions must be taken as only an upper 
I limit to the occurrence of the primary process 
N2H4 + hV + 2NH2. (D) 
This is because NH2 could be formed in the decomposition of N2H3 formed in 
process (B) 
I 
N2H3 * + NH + NH2 (9) 
o r  by abstraction reaction of HN. 
NH + N2H4 NH2 + N2H3 (10) 
6 The NH radical could be formed in reaction (9) o r  possibly in a primary step. 
N2H4 + hv -+ NH + NH3 (E) 
Since 29N2 amounts to 25% of the N2 formed in the photolysis of pure hydrazine 
("2 = 0.50) and since two NH2 radicals a r e  formed in process (D), the upper limit 
to the quantum yield for the primary process yielding 2NH2 would be 0.06. 
E.  Origin of 28N2 in the Photolysis of 30N2H4 in the Presence of 1 4 N 0  
The rate of formation of 28N2 shown in figure 3 is too large to be attributed 
to photolysis of 1 4 N 0  itself. For example, with 25% 14N0, there is only 1.5% of 
1-15 
the 1 4 7 0 i  radiation absorbed by 14N0. Yet under these conditions, the rate of 
formation of 28N2 is one-fourth of that for the total N2 from hydrazine photolysis 
alone (qN2 = 0.5). This would require that 1 4 N 0  absorb at least 12% of the 1 4 7 0 i  
radiation. This is ten t imes the calculated fractional absorption by 14N0. 
the photolysis of 15NH3 in the presence of 14N0  results in appreciable formation 
Similarly, 
of 28N2, and absorption by 14N0  was inadequate to explain the results. 5 
observations5 in  the NH3 - NO system has recently been given by Heicklen 9 and by 
In the h drazine - NO system and in the ammonia - NO system, the rate of 
production of 2gN2 is proportional to the NO pressure. An explanation of Srinivasan's 
Holmes and SundaranlO which is also applicable to the results reported here. For 
the hydrazine - NO system, the pertinent reactions are: 
followed by the chain reaction 9 11 
14 14 
3 
H NO + 2 NO 4 2 8 ~  + H t 
2 
o r  by the non-chain reaction 10 12 
(13) 
14 
3 H NO + 4 28N + H 1 4 N ~  2 
Evidence for or  against reactions (12) and (13) has been reviewed recently by Heicklen 
and Cohen. l3 With regard to the question of a chain reaction, it may be of interest 
to note that the rate of 28N2 production at the highest 14N0 concentration is 0.67 
(relative to the rate of production of N2 from pure hydrazine) and that, on the basis of 
scavenger experiments using C2D4, the relative rate of production of atomic hydrogen 
from hydrazine is 0.2/0.7, or  about 0.40. 
production of 28N2 are those given above, the fact that 28N2 yield is about twice that 
of atomic hydrogen would be more consistent with the chain reaction (12) i f  the chains 
are very short. 
If the only reactions involved in the 
It has been noted that the linear plot of the rate of production of 28N2 
versus 14N0 shown in figure 3 has a non-zero intercept. In the photolysis of 15NH3 in 
the presence of 14N0 ,  a non-zero intercept is also evident for the plot showing rate  of 
formation of 28N2 as a function of 14N0  pressure. 
in total pressure of the two systems ( 4 0  torr  for 15NH3 and 0.5 tor r  for 30N2H4), the 
ra te  of production of 28N2 extrapolates to zero in the region of 10% NO in both cases. 
In view of the explanation given above for  the formation of 28N2 in these systems, it 
appears that either the reaction H + NO + M or  the reaction HNO + 2 NO, o r  both, do 
not occur to an appreciable extent a t  concentrations of NO up to about 10%. 
conclusion, namely non-scavenging of atomic hydrogen by NO at this concentration, 
was  also required to explain the increase of H2/30N2 ratio upon addition of 5% I4NO. 
Despite the considerable difference 
The first 
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SECTION 2 
VACUUM-ULTRAVIOLET PHOTOCHEMISTRY. IX. 
PRIMARY AND CHAIN PROCESSES I N  THE 
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VACUUM-ULTRAVIOLET PHOTOCHEMISTRY. IX. PRIMARY AND CHAIN 
PROCESSES IN THE PHOTOLYSIS OF HYDROGEN PEROXIDE*t 
L. J. Stief and V. J. DeCarlo N 67 Q 3 2 2 9 1 
- 
Research Division, Melpar, Inc. , Falls Church, Va. 
ABSTRACT 
Evidence i s  presented for the occurrence of primary processes leading to tbe 
formation of both atomic and molecular hydrogen in the photolysis of H202 a t  1236 A. 
Formation of OH in a primary process probably occurs a s  well. The latter is appar- 
ently the sole process required to explain the results at 1470 and 2537 i. Processes 
leading to the formation of O(lD) account for less than 1% of the photochemical decom- 
po si tion. 
Chain processes leading to the formation of 0 2  but not H2 occur a t  1236 1. 
The possibilities considered are a free radical chain and an energy chain. In spite of 
some uncertainties, the results a r e  more consistent with the occurrence of an energy 
chain involving ground-state atomic oxygen and vibrationally excited molecular oxygen. 
Emission of the OH A2C+ -, X 2~ (0,O) band at 3064 A was observed during 
photolysis of H202 at 1236 and 1470 A .  
* This research was supported by the National Aeronautics and Space Administration 
under Contract NASw-1417. 
t Presented in part  at the 153rd national meeting of the American Chemical Society, 
Miami Beach, Florida, April 1967. 
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I. INTRODUCTION 
The photochemistry of hydrogen peroxide vapor has been reviewed by Volman, la 
The sole primary and more recent considerations by Greiner2 supplement this review. 
process required to explain the results at  2537 A is 
H,O -t hv- 2 OHCX2n). 
2 2  
The reaction products were water 
ance of H202 is 1 . 7  h0. 4. lb These 
and oxygen, and the quantum yield for disappear- 
observations are satisfactorily explained by 
primary process (A), followed by the reactions: 
O H +  H202 .-) H 2 0 +  H02 (1) 
2 H 0 2 +  H 2 2  0 + O2 (2 ) 
In the flash photolysis2 of H 02, the only primary products detected by kinetic 
absorption spectroscopy were OH@ 3 nlla ) and OH (X2n3ja). The population of these 
two ground-state levels was equal, and their formation supports the occurrence of 
primary process (A). It was concluded that the primary process 
1 H202 + hv- H 2 0  + O (  D) 
could be occurring to no more than 20% of process (A). 
(B) was found, however. 
No evidence for process 
Urey, Dawsey, and R i y 3  observed that H202 vaporoilluminated with the zinc 
spark lines from 2025 to 2138 A gave fluorescence at 3064 A, corresponding to the 
0 , O  band of the OH A2C' + X2n transition. This suggests the occurrence of the 
primary process: 
H202 + hv -, O H ( A 3  +) + OH(X2n) 
However, according to modern thermochemical data, process (C) is energetically 
possible only below 1980 1. la It has been suggested that either some light down to 
1980 must have been availablela o r  OH fluorescence resulted from coincidence 
of a zinc-spark line with an OH absorption line. 2 
In addition to processes (A) and (B), the following are energetically possible 
above 2000 b :  
2 -3 
H 0 + h v - H +  H02 
2 2  
-‘H2 + O2 (E) 
- 2 H t  O2 
0 
Below 2000 A , in addition to process (C), the following became energetically pos- 
sible: 
3 H O  + h v  - H2 + 2 O( P) 
2 2  
1 
3 
. 1  
-, H2 + 2 O( D) 
+ 2H + 2 O( p) 
- 2H + 2 O( D) 
Process (G) is possible below 1893 , 
sible for wavelengths below 1200 A and 
(GI 
(H) 
(I) 
(J ) 
but the last three processes are only pos- 
need not be further considered here. 
No photoch$mistry has been reported to our knowledge in the region appre- 
ciably below 2000 A . In view of the general importance of molecular detachment 
processes in the vacuum ultraviolet, it was anticipated that there could be some 
contribution from such process in the photolysis of H202 at wavelengths below 2000 1. 
An examination of tee primary and secondary processes occurring in the 
photolysis of H202 at 1236 A forms the basis for this communication. 
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11. EXPERIMENTAL 
A. Light Sources and Actinometry 
The K r  and Xe microwave-operated vacuum UV resonance lamps have been 
described previously. 
lamp with a sapphire window. 
resonance lines of Kr and Xe and transmit only the 1236 and 1470 A lines, respec- 
tively. The mercury Tesonance lamp was also microwave-operated' and was shown 
to emit only the 2537 A line in the region above 2000 A ; a Corning CS 9-54 filter 
eliminated light below 2000 A .  Spectral purity of the krypton resonance lamp was 
checked by attempting to photolyze H202, using a sagphire filter which absorbs 99% 
of the radiation at 1410 1 but transmits 40% at 1500 A. The xenon l y p  was tested 
by using an ethane filter which absorbed 99% of the radiation at 1550 A but trans- 
mitted 80% at 1600 A .  Good chromatic purity proved to be more difficult to achieve 
in the present study with H202 than it had been for other systems such as C2H2, 
H20, and N2H4. This could be due to the fact that the region of maximum intensity 
of the impurity lines4 (1550 to 1650 A ) coincides with a region of strong absorption8 
by H202. After several less s u c c @ u l  attempts, a K r  lamp containing less than 
2% effective radiation above 1410 A was obtained. 
10% effective radiation above 1550 A .  
The Kr lamp was fitted with a CaF2 window and the Xe 
These windows eliminate the s h o r t y  wavelength 
For the Xe lamp, there was about 
0 
Quantum yields were estimated at 1236 A using C02 actinometry, assuming 
unity for the quantum yield of CO. 
at 1236 A of 300 cm" ah-1 ,  we estimate that 1 torr H202 in our spherical cell 
(see below) absorbed 96% of the incident 1236 A radiation. Actinometry determinations 
were performed with 90 torr C02, corresponding to a comparable absorption of the 
incident radiation. Thus with a spherical reaction cell and comparable absorption 
path lengths for H202 and C02, problems due to divergance of the light beam and lack 
of collimation, recently discussedlO for C02 photolysis at 1470 A ,  should be unim- 
portant here. 
Based on an approximate absorption coefficient' 
B. Materials 
The hydrogen peroxide employed was 98% H202 obtained from Becco Chemical 
Division, Food Machinery and Chemical Corporation, Buffalo, New York; the remaining 
2% was H20. Small samples were degassed and stored at -80°C. 
Krypton, xenon, and carbon monoxide were obtained in break-seal bulbs from 
the A i r  Reduction Company, Jersey City, New Jersey, and used without purification. 
Carbon dioxide and nitrous oxide were  obtained from the Matheson Company, Inc., 
East  Rutherford, New Jersey, and degassed at -196" C. Ethylene-d4 was obtained 
from Merck, Sharp and Dohme Ltd., Montreal, Canada. 
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C. Procedure 
The vacuum system was mercury free and stopcocks were greased with 
Apiezon-N grease. 
Granville-Phillips capacitance manometer. 
spherical bulb (8 mm ID) equipped with a 25 mm LiF window and a finger for con- 
densing the H202. 
Pressures were measured in the photolysis cell with a 
The photolysis cell was a 250 cc 
The LiF window was attached to the bulb with epoxy cement. 
All photolyses were carried out at 1 torr H202 and 25"C, and conversions 
were 5% based on O2 formation. Separate experiments showed that the rate of product 
formation was independent of conversion up to 15%. 
at 25°C which produced O2 but not H2. This amounted to about 2% of the product 
observed in the photolysis of pure H202. For the experiments with C2D4, CO, o r  
N 2 0  added, the dark reaction was considerably more important, since time had 
to be allowed for mixing of the gases. Photolysis times were 2 to 3 minutes while 
mixing times were 20 to 30 minutes. 
There was a small dark reaction 
The pressure of the non-condensible products at -196" C was measured in the 
photolysis cell. The cell was then removed from the vacuum system and attached 
via a standard taper joint directly to the inlet system of a CEC 21-130 mass spec- 
trometer. Sensitivities for H2 and 0 2  were determined in the spectrometer immediately 
before beginning this series of experiments. 
CO, the pressure of the non-condensible products at -80" C was measured after 
removal of the non-condensible gas at -196" C. 
mass spectrometric analysis to be pure C02. 
For the experiments in the presence of 
This -80" C fraction was shown by 
The emission experiments were performed in a 2-liter flourescence cell using 
a Bausch and Lomb monochromator. Both have been described previously. l1 The 
monochromator was used in conjunction with both an RCA 1P28 phototube operated at 
750 volts and 25" C, and an RCA 7102 phototube operated at 1250 volts and -80" C. 
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111. RESULTS 
The phootolysis of hydrogen peroxide vapor has been examined briefly a t  
At 2537 A no emissions were !537 and 1470 A and in further detail at 1236 A .  
)bserved, but duri g photolysis at both 1470 and 1236 A, emission of the 
OH A C + - X n (0 ,O)  band ato3064 H was observed. No other emissions 
were observed in the 2000 to 8000 A region. 
of 0 . 1  t o r r ,  the intensity of the OH emission for the 1236 1 experiment was 
three times that for the 1470 A experiment. To evaluate the contribution from 
the presence of H 2 0  in the H202 sample, emission at 3064 was monitored 
during the photolysis of 0. 1 to r r  H 2 0  at 1470 and 1236 A .  
no detectable OH emission; a signal less that 5% of that observed from H202  
could have gone undetected. At  1236 i, OH emission during the photolysis of 
H 2 0  was three times as intense as that from the same pressure of H20,2 under 
identical conditions. In order for the OH emission from H202 at 1236 A to be 
wholly attributable to the presence of H20,  the unlikely assumption would have 
to be made that the H202 used was at ltast 30% H20.  Therefore, it appear? 
that all OH emission observed at 1470 A and most of that observed at 1236 A is 
attributable to the photolysis of hydrogen peroxide. 
3 
For pressures of H202 of the order  
A t  1470 A ,  there was 
Concerning the products of the reaction, O2 was the only one detected at 
2537 and 1470 A. Hydrogen, if present, was less than 1% of the O2 yield at both 
wavelengths. Analysis for H 2 0  was not attempted. In agreement with previous 
investigation, the quantum yield of O2 formation is close to unity at 2537 A. At 
1236 1 the products were hydrogen and oxygen. The results a r e  presented below 
by consideration of these two reaction products. 
A. Hydrogen Formation at 1236 
The quantum yield for hydrogen formation in the photolysis of H202 at 
1236 A is 0.5.  Addition of up to 10% H 2 0  to the H202 did not result in an increase 
in the rate of hydrogen production. This indicates that photolysis of H 2 0 ,  present 
as an impurity or formed as a product, was not the source of the H2 produced. 
The effect of adding Z2D4 as a scavenifer ''-I4 for hydrogen atoms is show:: in 
figure 1. Correction was made for the fraction of 1236 
C2D4; the latter ranged from 10% to 30% for the pressures of C2D4 employed. It 
is evident that H9 formation is reduced to about 50% of its value in the absence of 
radiation absorbed by 
L1 
C2D4 and that the results are independent of C D concentration in the range 10 to 2 4  
20% C2D4. 
In the presence of excess CO, a substantial increase in the rate of forma- 
tion of H2 is observed. A t  the highest pressure of CO employed (9.5 torr) ,  the 
quantum yield for H2 formation is definitely greater than unity. A more precise 
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0 
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Figure 1. Effect of C D on the Quantum Yield of H2 Formation in the Photolysis of 
2 %  
H202 at 1236 A 
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determination is not possible in these experiments, owing to the uncertainty in 
measuring small amounts of H2 in the presence of a large excess of CO. 
B. Oxygen Formation at 1236 
0 
The quantum yield for O2 formation in the photolysis of H202 at 1236 A 
has a minimum value of four. Values as high as ten have been observed in some 
instances. Addition of C2D4 drastically reduces the production of 02. This is 
show5 in figure 2 along with results of comparable experiments performed at 
2537 A .  
0 2 .  There is some uncertainty in the actual values of the quantum yield for O2 
formation in these experiments due to the occurrence of the dark reaction 
forming 0 2 ,  but the trends shown in figure 2 are reliable. 
At the latter wavelength, there is no effect of C2D4 on the formation of 
The effect of adding up to nearly a tenfold excess of CO is shown in fig; 
u re  3. Even at the highest pressure of CO employed, absorption of the 1236 A 
radiation by CO amounts to less than 1% of that absorbed by H202. Due to the 
uncertainty in measuring small amounts of O2 in the presence of a large excess 
of CO, there is considerable scatter in the rate of O2 formation, but little o r  
no dependence on the C O  pressure is observed. However, C 0 2  is now observed 
as a product of the reaction, and its rate of production increases with increasing 
CO pressure.  At 9 .5  to r r  CO, O2 and C 0 2  are being produced at comparable 
rates (@ = 5 *l). 
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Figure 2. Effect of C D on the Quantum Yield of 0 Formation in the Photolysis of 
H 2 0 Z  at 2537 and 1236 A 
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Figure 3. Effect of CO 01) the Quantum Yield of 0 and CO Formation in the Photolysis 
2 2 
of H Z 0 2  at  1236 
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N. DISCUSSION 
A. Primary Processes 
+ 
The observation of OH A2C + X2rr emission during the photolysis of 
H 2 0 2  at 1236 and 1470i, suggests the occurrence of process (C) at these wavelengths. 
H 2 0 2  + hv 4 OH(A2CC) + (C) 
In all other respects, the results at 1236iare quite different from those at 1470 
and 2537 i, and will therefore be discussed separately below. 
1. Photolysis at  12361 
The removal of H2 upon addition of C2D4 suggests the participation of hydrogen 
atoms, probably formed in the primary process 
H202 + hv H + H 0 2  
Process (F) may be occurring as well. 
The subsequent reaction of H leading to H2 could be either abstraction from H202 
H + H202 -+ H2 + H 0 2  (3) 
o r  recombination 
II + E + v-00 4 H- + H 2 0 2  " Z  L - -L (4) 
However, the ratio of rates of these reactions is given by 
c -i 
2-12 
Now k, = 6 x  
body 
high 
15 -' and, assuming that H202  is as efficient a third 7 
= 3 x 1 O 1 O  -L2 molem2 sec- , l6 l7 Therefore, even assuming the very 
o G mole-' sec  
H 2 0 ,  k 
value of [H 1 = 1% [H202],that is [HI = 5 x mole d'l, H atom abstraction from 
H202 will be 4000 times as  fast a s  H atom recombination. Since the mechanism of the 
reaction between H and H202 i s  not settled, l5 l7 it should be noted that the results 
shown in figure 1 provide what is  to our knowledge the most direct evidence so far  for 
the mechanism given in reaction (3). The reaction 
H + H 2 0 2  + OH + H20 (5) 
although possibly making some contribution, cannot be the sole reaction, since it 
explains neither H2 production nor its reduction in the presence of C2D4. Reaction (3), 
however, is consistent with the effect of C2D4 shown in figure 1. 
The independence of the H2 yield from 10 to 20% C2D4 suggests that complete 
scavenging of atomic hydrogen was attained and that there i s  little or no contribution 
from the reaction of hot H atoms. The latter would be reflected in a dependence of 
the H2 yield on the ratio of H 2 0 2  to C2D4 due to competition between reaction (3) and 
reaction of H with C2D4. I 
Formation of H2 in the presence of C2D4 thus suggests that molecular detach- 
ment of H2 is occurring, At 1 2 3 6 i ,  the energetically possible processes are: 
H O  + hv --t H 2 + 0 2  
2 2  
3 
--t H2 + 2 O( P) 
I 
Since the quantum yield of hydrogen formation is 0.5 and molecular hydrogen accounts 
for approximately 50% of this, the quantum yield of molecular H2 formation is 0.25 .  
Evidence for the occurrence of the primary process (B) 
1 H 0 + hv + H20 + O( D) 
2 2  
I was sought in the following way. Addition of N 2 0  should lead to formation of N2 via 
the reaction 18-20 
O(lD) -t N 2 0  N2 + O2 ( 6 )  
2-13 
1 Formation of O(  S) i s  energetically possible below 2249A. Little is known of the 
reactivity of this species, so we have confined our attention to O('D). To be more 
general, we should strictly write the primary process as: 
and the reaction with N 0 a s  
2 
2 O(sing1et) + N 2 0  -$ N 2 + 0  
3 Reaction of O( P) with N 0 has an activation energy of 15 kcal/mole;21 the reaction 
22 Thus the reactions of atomic hydrogen has an activation energy of 16 kcal/mole. 2 
3 
2 O( P) + N 2 0  N2 + 0 
H + N20 -$ N2 + OH 
contribute little in this system. The reactions 
2 OH + N 2 0  -, H 0 2  + N 
H 0 2  + N 2 0  -, H 0 + N2 
2 2  
can be eliminated on the basis of our observation that addition of N 2 0  in the photolysis 
of H202 at 2537i (where both OH and H 0 2  a re  present1) does not result in the forma- 
tion of N2. Thus in the absence of photodecomposition of N20,  formation of N2 should 
only occur via reaction (6). The results in table I show that although N2.is detected, 
it can be essentially completely accounted for by absorption of the 12368 radiation 
by N 2 0  and subsequent photodecomposition. l8 
Thus process (B) probably contributes no more than 1% to the total photochemical 
primary process. 
2-14 
TABLE I 
PHOTOLYSIS O F  H202 AT 1 2 3 6 i  
IN THE PRESENCE OF N 2 0  
% N20 F N 2 0 a  cp 
N2 
5 
1 0  
15 
20 
0.03 
0.07 
0.09 
0.12 
0.02 
0. 05 
0.08 
0.09 
a. F N  0 is the percent of radiation absorbed by N 0. 
2 2 
2. Photolvsis at 14 70 & 2537 A 
In the photolysis of H202 at 1470 and 2537 i, there is little o r  no H2 formed 
(<l% of 02). It thus appears that none of the processes leading to atomic or  molecular 
hydrogen a r e  occurring and that the sole primary process required to explain the 
results is formation of two OH radicals in process (A). Evidence for  formation of 
O(lD) by process (B) at 2537 A was sought by adding N 2 0  and attempting to measure 
N2 formed in the reaction 18-20 
(6) 2 O(lD) + N 2 0  6 N2 + 0 
Since hJ was never detected a s  a product and quantum yields of N2 a s  low as 0.01 
could have been measured, we estimate that process (B) could be occurring to no more 
than 1% of process (A). This is a considerably lower limit than the 20% estimate from 
- * 2  
the flash photolysis experiments. 2 
The various primary processes in the photolysis of H202 and their respective 
primary quantum yields at 1236i  and at  1470 and 2537i a re  summarized in table 11. 
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TABLE I1 
SUMMARY OF PRIMARY PROCESSES IN THE 
PHOTOLYSIS O F  HYDROGEN PEROXIDE 
Primary Process 
Quantum Yield 
1236i  1470i ,  2537A 
H 2 0 2  H + H 0 2  0.25 < 0.01 
H20Z 4{H2 ~ +- O2 20t3-p) 0.25 <o. 01 
-, H 0 + 0 (singlet) <o. 01 < 0.01 H2°2 2 
H202 -, 2 0 H  0.50" -1.0 
a. Assuming that all quanta absorbed lead to decomposition and that OH formation 
accounts for all decomposition other than H o r  H formation, 2 
i t  
B. Chain Processes 
The high quantum yield for 0 2  formation ( c p  = 4 to 10) in the photolysis of 
H202 at 1 2 3 6 i  and the relatively low H2 yield (cp = 0.5) suggest the occurrence oi - 
chain process wLich produces 0 2  but not H2. The two possibilities considered here  
will be a free radical chain and an energy chain. 
1. F r e e  Radical Chain 
The radical chain consists of the reactions: 
2 (1 ) OH -t H 2 0 2  -, H20 + HO 
H 0 2  + H O  4 H O  2 + O 2  + OH (11) 2 2  
The latter has been proposed 23 in the thermal reaction between hydrogen and oxygen. 
Its occurrence has been discounted in the thermal decomposition of H202, and evidence 
i s  presented that the thermal decomposition i s  not a chain reacti0n.2~ Regardless of the 
evidence for or against the occurrence of reaction (11) in general, this mechanism is 
not consistent with the experimental results presented here. For  example, addition of 
2-16 
C2D4 at 1236i drastically reduces the 0 2  yield from more than 4 to well below unity. 
This cannot be due to scavenging of OH o r  H02  since, a s  shown in figure 2,  addition 
of C2D4 in photolysis of H202  at 2537i (where both OH and H 0 2  a r e  formed l) has no 
effect on the reactions of these radicals. Further, it would be difficult to justify the 
assumption that the secondary reactions of OH and H02  involve non-chain steps at 
2537i and chain steps at 1236i. The clue to the occurrence of non-chain reaction 
at 2537i and chain reaction at 1236ilies in the potential formation of atomic oxygen 
via process (G) at the shorter wavelength. 
2. Energy Chain 
The energy chain mechanism 
* 
0 + H o  O2 + H20 
2 2  
* + H202 -, 0 + H20 + 0 
O2 2 
is analogous to that suggested in the photolysis of ozone. 25 The reactions of ground- 
state 0 (3P) atoms a re  the only ones to be considered here, since evidence for 
production of 0 (lD) in these experiments has been entirely negative. Foner and 
Hudson’s observation15 of formation of OH and H 0 2  by mass spectrometry in the 
reaction of 0 (3P) with H202 seems to require the occurrence of 
I 
0 (3P) + H 2 0 2  -+ OH + H 0 2  (14) 
although reaction (12) could occur simultaneously. 
The more than four-fold reduction in the rate  of production of O2 in the 
presence of C2D4 can be explained on the basis of the energy chain mechanism involving 
ground-state atomic oxygen and the removal of the chain carr ier  via the reaction I 
Q 
0 (“P) + C2D4 -+ products (15) 
From the maximum value for the rate constant15 for the reaction 0 + H 2 0 2  and the 
rate  constant for 0 + C2H4, 
will react at least fifteen times a s  fast with ethylene a s  with hydrogen peroxide. 
I 
we can estimate that, with 20% ethylene, atomic oxygen 
2-17 
The large yields of C 0 2  upon addition of CO (V co = V 0 2  = 5 )  suggest 
that CO and CO;! participate in the chain reaction. One possibility would be 
* 
0 + H202 -, O2 + H 2 0  
* 
o2 + co -, co2 + 0 
3 -  1 
Since it has recently been shown27 that the reaction of O2 in the C g  , 
'C g+ states with CO is quite slow at room temperature, reaction (16)probably 
involves vibrationally excited ground-state 02 ( 3 C -  
reaction with ozone. 25 Since reaction (12) leading f o the formation of O2 i s  85 kcal/ 
mole exothermic, formation of 0 2  (3C+p) at 103 kcal/mole above ground is energetically 
impossible. However, vibrationally excited ground-state O2 containing less  than 50% 
of the exothermicity of reaction (12) i s  sufficiently energetic to continue the chain via 
reaction with H202 o r  CO. The energetics of these reactions a re  summarized in 
table 111. 
Ag,  and 
) * a s  in the analo ous 8 
TABLE 111 
ENERGETICS OF CHAIN MECHANISM 
(kcal/ mole) Fraction of 
Reaction A H  A E  Energy Requiredb * 
-85 ? O( 3 P) + H202 -, O2 + H20 
* 
O2 + H2°2 -, O2 + H 2 0  + 0 +34 > 34 >40% 
* 
o2 + co -4 co2 + 0 -8.5 >29a > 34% 
- 
a. 
b. 
order to continue chain. 
Estimate of Fisher & McCarty, J. Chem. Phys. 45, 781 (1966). 
In ozone photolysis, 0 
-
* 
must contain at least  50% of exothermicity of reaction in  
2 
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3 - *  Spin conservation requires that formation of vibrationally excited O2 ( Cg ) 
involves o ( 3 ~ ) .  
3 1 3 - *  
0 ( P) + H 0 (singlet) -+ H 2 0  ( A1) + O2 ( C g  ) 2 2  
This is consistent with occurrence of process (G) and the evidence for the absence of 
0 (ID) discussed above. In the analogous ozone energy chain, the atomic oxygen has 
been shown to be in the 0 (lD) state. This is also consistent with spin conservation, 
since the reaction 
1 3 -  * 3 -  0 ( D) + 0 (singlet) -+ O2 ( Cg ) + O2 ( Cg ) 
3 
in the ozone system leads to triplet 0 as compared to formation of singlet H 0 in 
the peroxide system. 2 2 
The difficulty with the energy chain mechanism a s  proposed here is that there 
is no direct evidence for the presence of 0 ( P) in the photolysis of H202 at 12361. 
Production of molecular H2, although apparently occurring, need not be accompanied 
by 2 O(3P). In addition, studies of the reaction between atomic oxygen and hydrogen 
peroxide seem to support15 28 reaction (14) leading to OH and H 0 2  rather than 
reaction (12) leading to 0 2 .  It has been pointed out28 that, on the basis of the 
structure of hydrogen peroxide being H-O-O-H, reaction (12) should have a low 
probability compared to reaction (14). Finally, if there is an energy chain resulting 
from the reaction between 0 (3P) and H202, a s  suggested here, then photolysis of 
ozone in the visible region ( A  >4120i) in the presence of H202 should lead to a chain 
reaction. While V01rnan~~  has demonstrated the absence of long chains in the system 
0 3  + H 2 0 2  at 2537 B where 0 ( l D )  is formed, no quantum yields were reported for  the 
experiments with visible light where 0 (3P) is formed. 
3 
* 
In spite of these considerable uncertainties, it is concluded that the presently 
available experimental results a r e  more consistent with the occurrence of an energy 
chain involving ground-state atomic oxygen and vibrationally excited molecular oxygen. 
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VACUUM-ULTRAVIOLET PHOTOCHEMISTRY. X. 
N 6 7 - 3 2 2 9 2  
PRIMARY PEOCESSES IN THE 
PHOTOLYSIS O F  METHYLACETYLENE AT 1470 AND 1236 A* 
L. 3. Stief and V. J. DeCarlo 
Research Division, Melpar, Inc., Falls Church, Va. 
ABSTRACT 
Molecular elimination of hydrogen occurs in the photolysis of methylacetylene 
at both 1470 and 1236 A. This is the sole source of H2 at 1236 8 ,  and photolysis of 
CD3C 
CH 4 D2 + C3HD*, C3HD* + C3 + HD is discussed. 
CH yields equal amounts of D2 and HD. Evidence for the process CD3C =_ 
Atomic hydrogen accounts for 40% of the H2 formed at 1470 A .  From a 
study of photolysis of CD3C z CH, it is concluded that eliminationof paraffinic D is 
twice as probable as elimination of acetylenic H. 
Acetylene formed in the photolysis of CDQC CH at 1470 A is 9 0 8  C2H2 and 
probably arises from formation of the C2H radical followed by abstraction of H. At 
1236 i, molecular elimination of C2H2 may be occurring. 
i 
* 
This research was supported by the National Aeronautics and Space Administration 
under Contract NASw-1417. 
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I ,  INTRODUCTION 
Photolysis of methylacetylene at 7 7 ° K  in the near ultraviolet continuum 
results in the formation of the 2-propynyl (propargyl radical), 
in the process 
presumably formed 
CH3C CH + hv + CH2C E CH + H 
We report here on the gas-phase photochemical reaction of methylacetylene in the 
banded region2 (PO50 to 1600 A), using the 1236i  Kr line and the 1470 bXe line. 
3 -3 
11. RESULTS 
A. Photolysis at 1470 
The products of the photolysis of 0 . 2  to r r  methylacetylene, in order of 
decreasing importance, are H2, C2H2, C2H6, CH4, C2H4, and C3H6. The first four 
account for  90% of all the observed products; the quantum yields for  their formation 
are given in table I as well as the quantum yield for decomposition of methylacetylene. 
Based on these yields, the products observed account for 25% of the C and 40% of the  H 
in the decomposed methylacetylene. This result, as well as the poor material balance 
in the products (C3.OH7,2), suggests the presence of carbon-rich products. Although 
analysis was  not attempted for prodacts heavier than methylacetylene, there was  some 
polymer formation on the walls of the photolysis cell. Indeed, photolysis at 1 to 
10 t o r r  methylacetylene led to such extensive polymer formation that quantitative 
work was impossible due t o  a drastic decrease in transmission of the LiF window. 
To avoid this complication, we have restricted our attention to the pressure region 
of 0 . 2  t o r r  of the pure compound where polymer formation is less  extensive. 
From table I it may be seen that addition of 10 to 20% C2D4 reduces the 
quantum yield for H2 formation to about 60% of its value in the absence of C2D4 
without affecting CHq production o r  methylacetylene decomposition. Addition of 
1 t o r r  N2 does not prevent decomposition of methylacetylene, although the yield 
of C2H2 is reduced. 
The isotopic hydrogens formed in the photolysis of CD3C E CH at 1 4 7 0 i  are 
shown in table 11. The yields shown for molecular hydrogen are based on the relative 
H2, HD, and D2 yields in the presence of 20% 0 2  and assume that molecular hydrogen 
accounts for 60% of all hydrogen formed. That is, the reasonable assumption is made 
that the relative importance of molecular hydrogen is the same in the photolysis of 
C H ~ C F C H  and CDQCECH and that complete scavenging of atomic hydrogen is attained 
with either 10  to 20% C2D4 o r  20% 0 2 .  Ethylene could not be added in the CD3CzCH 
experiment, since hydrogen formed from its photodecomposition would alter the ratio 
of isotopic hydrogens. 
In the photolysis of CD~CECH at 1470k, the ethanes are about 95% C2D6 while 
the acetylenes are 90% C2H2. The methanes consist only of CDQH and CD4 in the 
ratio 1.5:l.  0. Formation of CD3H is essentially eliminated in the presence of 20% 0 2 .  
B. Photolysis at 1236 
The products determined at 1236 A are the same as those determined at 1 4 7 0 i .  
H2, C2H2, CH4, and C2Hg account for 87% of the observed products; their quantum 
yields are presented in table III. The products observed account for 20% of the C and 
40% of the H in the decomposed methylacetylene. This result, as well as the poor 
material balance in the products (C3 oH7 8), again suggests the presence of carbon- 
rich products. A s  for  the 1470 A phdtolyiis, polymer formation is evident. 
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TABLE I 
1470 PHOTOLYSIS O F  METHYLACETYLENE 
Pressure (Millitorr) Quantum Yield 
CHQC-CH C2D4 N2 H2 CH4 C2H2 C2H6 -CH3CfCH 
190 0 0 0.23 0.02 0.19 0.08 1 .0  
190 0 0 0 .26  0.02 0.22 0.08 1.2 
190 20 0 0.15 0.02 n. d. n. d. n. d. 
190 50 0 0.15 0.02 n. d. n. d. 0 . 8  
190 0 1000 n. d. n. d. 0.09 0.04 0.8 
190 0 1000 n. d. n. d. 0.10 0.05 1.0 
n.d. = Not determined. 
TABLE I1 
ISOTOPIC HYDROGENS FORMED IN THE PHOTOLYSIS 
O F  CD3CECH AT 1470 AND 1236 
Wave length Type Of Relative Yields 
(4 Hydrogen D2 HP H2 
1470 Total 1.00 3 .00  1.26 
1470 Moleculara 0.91 1.70 0.57 
1470 Atomicb 0.09 1.30 0.69 
1236 Mo 1 e cular' 1.00 1.00 0.51 
a. 20% O2 added; 60% molecvlar assumed. 
b. Atomic = total - molecular. 
c.  Molecular = total at 1236 i. 
TA*RLE III 
1236 PHOTOLYSIS OF METHYLACETYLENE 
Pres sure (Millitorr) Quantum Yield 
CH3CECH C2D4 N2 H2 CHq C ~ H Z  C2H6 -CH~CZCH 
190 0 0 0. 15 0.01 0.08 0.01 0.5 
190 0 0 0.18 0 .01  0.10 0.01 0.5 
190 50 0 0.17 0.01 n. d. n. d. 0 . 7  
190 0 1000 n. d. n. d. 0.03 0.01 0 .5  
n. d. = not determined 
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The results in table III show that addition of 20% C2D4 has no effect on forma- 
tion of H2 or  CH4. Addition of l t o r r  N2 does not effect the methylacetylene decom- 
position, but the C2H2 yield is reduced. 
The isotopic hydrogens formed in the photolysis of CD3C=CH a re  shown in 
table 11. Since addition of C2D4 in the photolysis of C H Q C ~ C H  has no effect on the 
H2 yield, the reasonable assumption is made that all the hydrogens are formed in 
a molecular process for the photolysis of both CH3CzCH and CD3CzCH. As a check 
on this point, the ratio D2/HD was also examined in the presence of C2H4, NO and 
0 2 .  The results in table IV show that this ratio is essentially unity in the absence 
o r  presence of these additives. This clearly demonstrates the abeence of atomic 
hydrogen reactions. 
In the photolysis of CD3CzCH at 1236 I ,  the ethanes a re  at least 75% C2D6. 
The acetylenes are C2H2 and CzHD, and are formed in comparable yields. 
Similarly, the methanes are CD4 and CDQH and are in the ratio 1:1, Addition of 
20% 0 2  reduces the CDQH by 50%. 
TABLE IV 
E F F E C T  O F  VARIOUS GASES ON THE RATIO 
O F  D2 TO HD FORMED IN T H E  PHOTOLYSIS 
O F  0 .2  TORR CD3CsCH AT 1236 k 
D2/HD 
Pressure 
(torr) Added Gas 
None -- 1 . 0  
C2H4 0.04 0 .9  
0 2  0.05 1.1 
N2 
NO 0 .04  1 . 0  
20 2 . l i O . 4  
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III. DISCUSSION 
The very low yield of CH demonstrates that the molecular elimination process 4 
CH C C - H + h v +  C + C H  
3 2 4 
3 4 which is analogous to that suggested fo r  C2H2 and C4H2 , is of little importance in 
these experiments. The present discussion will be limited to potential processes leading 
to the major products H and C H 
2 2 2' 
A. Molecular Formation of Hydrogen 
The substantial yield of H2 in the presence of 20% C2D4 (which is an effective H 
atom acavenger) suggests the occurrence of primary process (I), with H2 being removed 
from either the same carbon o r  from the terminal carbon atoms: 
H 
/H2 + * ?  - C CH CH C C H + h v  L H  + * C H  C r  C 
2 2 
3 
Evidence for  the absence of hot hydrogen atoms is provided by the independence of the 
H2 yield in the presence of 10 o r  20% C2D4 at 1470 w and by the invariance of the ratio 
D2/HD formed in the photolysis of CD3 C 
2' 
of C2H4, NO, o r  0 
CH at 1236 w ,  either alone o r  in the presence 
U s e  of CD3 C CH allows a distinction to be made between the two processes 
yielding molecular hydrogen, since pa) yields D2 and (Ib) yields HD. On this basis, 
table 11 shows that molecular elimination of hydrogen from the terminal carbons 
[ process (Ib) 1 would be twice as probable at 1470 i as elimination of hydrogen from 
the same carbon [process pa)] . A t  1236 A ,  the two processes could be considered to 
occur with equal probability. 
An interesting alternate mechanism may be considered for the 1236 results. 
Equality of D and HD couici result from process Qa) 
2 
followed by decomposition of the C DH di-radical 
3 
C3DH* + 3 + HD 
3-7 
The overall process 
C H  -. C + 2 H  
3 4  3 2 
is 6 . 3  e V  endothermic, while the 1236 A photon provides 10 eV. The process 
+ C  + H  + 2 H  
C3H4 3 2 
is 10.9 eV endothermic, and hence energetically impossible at 1236 A. It is a 
consequence of the mechanism (Ia) followed by reaction (1) that addition of an inert 
quencher such as N2 should stabilize C3DH* to some extent and result in an increase 
in the ratio D2 to HD. Such an effect has been observed in this work. Table IV shows 
that the ratio D2/HD increases from 1 . 0  *O. 1 at 0 . 2  to r r  CD3C E CH to 2.  1 *O. 4 upon 
addition of 20 t o r r  N2. While the simultaneous occurrence of both (Ia) and (Ib) cannot 
be dismissed, the alternate C3 mechanism is more appealing for two reasons. In the 
vacuum-ultraviolet photolysis of the alkanes, the overwhelming preference for molecular 
elimination of hydrogen from the same carbon as compared to adjacent carbons leads one 
to expect that elimination from the same carbon in methylacetylene should be far more 
important than elimination from the terminal (1 ,3 )  carbons. Also, the requirement of the 
first mechanism that there are two simultaneous primary processes with quite different 
sensitivities to pressure seems unlikely, especially in view of the fact that, with 
monochromatic radiation, the decompositions (Ia) and (Ib) probably occur from the same 
excited state. Also, it should be noted that the quantum yield for methylacetylene 
decomposition at 1236 i is not reduced upon addition of N 2' 
B. Formation of Atomic Hydrogen 
The reduction in H2 yield at 1470 upon addition of ethylene suggests the occurrence 
of the primary process (11) with elimination of either the paraffinic o r  acetylenic hydrogen. 
CH C = C H + H  
l C H ,  C = C. + H 
/* 2 CH C = CH + hv 
3 
J 
1 
Process (IIa) has been reported for h > 2000 A. Apparently process (11) does not occur 
at 1236 i. The independence of the H2 yield with 10 or  20% C2D4 suggests that complete 
scavenging of atomic hydrogen was  achieved at 10% C2D4. The subsequent reaction of H 
formed in (11) can be an abstraction from the paraffinic o r  acetylenic end of the molecule 
H + C H C s C H d  H + * C H C r  CH (4 1 3 2 2 
H + C H C z C H - H  + C H C - C .  (5 1 3 2 3 
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The relative importance of (IIa) and (1%) as  well as the relative rate of abstraction from 
the paraffinic o r  acetylenic end can be determined from an analysis of scavengable o r  
atomic hydrogen formed in the photolysis of CD3C E CH. Table I1 showsthat, at 1470 i, 
they are in the ratio H2:HD:D2 = 0.69:l. 30:O. 09. Now, H2 can come only from 
H + RH(6) and D2 from D + RD(7). The problem is therefore to divide HD between 
H + RD(8) and D + RH(9). To a first approximation, the rate constant for the reaction 
H + RH + H2 + R is far more sensitive to the isotope (H or  D) being abstracted than 
to the isotope of atomic hydrogen doing the abstracting. Thus k 6 5  k and k 2 k 
follows that: 
and it 9 7 8' 
and 
- -  R 9  - 
R6 
R7 - =  
R8 
I9 H 
r.1 ["I 
Since R6 = H2 = 0.69 and R7 = D2 = 0.09, HD = 1 .30  mu@ be divided between 
R8 and Rg such that Rg/Rg = R7/R8. Taking Rg = 0.045 and Rg = 1.26, gives 
- -  - 2.0 R7 and - -  - 1.8 
R 9  
R6 R8 
From this we see that the ratio of D atoms to H atoms is two. Thus elimination of a 
paraffinic deuterium atom from CD3C E CH is twice as probable as removal of an 
acetylene hydrogen atom. 
These same R values can be used to calculate the ratio of the rate of abstraction 
from the acetylenic 2nd (RH) to the rate of abstraction from the paraffinic end (RD). 
It can be readily seen that 
R, - - -   = I 5  
RD R8 
RH 
and also 
- 14 R9 RH 
RD R7 
- -  - - -  
The agreement is close enough to demonstrate the internal consistency of the numbers. 
Both H and D atoms abstract the acetylenic hydrogen from CD3C E CH fifteen t imes 
as fast as they abstract the paraffinic deuterium. 
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C. Acetylene Formation 
The formation of acetylene in the photolysis of methylacetylene may be attributed 
to direct molecular elimination 
CH C 3 CH + hv - CH2 + C H (IIW 3 2 2  
or  to formation of ethynyl radicals 
CH C E CH + hv .-) CH + C2H 
3 3 
followed by the abstraction reactions 
C H + C H  C = C H . - )  C H  + C H C = C *  (11) 2 3 2 2  3 
While C2H reacts readily with alkanes5 and alkenes6 (and presumably alkynes), it 
apparently is unique among free radicals in its lack of reactivity5 with NO. Thus 
scavenging experiments would be of doubtful value in evaluating the importance of (TIIb). 
Some information may be obtained however from the isotopic distribution of the 
acetylenes formed in the photolysis of CDQC CH. Process  (IIIa) should yield C2HD as 
should process (IIIb) followed by (10). Process (IIIb) followed by (11) should yield C2H2. 
Since at 1470 i, the acetylenes formed in the photolysis of CD3C CH a re  90% C2H2, the 
dominant source of acetylene formation at this wavelength is probably formation of 
C2H in process (IIIb) followed by abstraction of the acetylenic hydrogen via reaction (11). 
This preference for H abstraction from CDQC 
the previously demonstrated preference for H abstraction by H and D atoms. 
CH by C2H radicals is paralleled by 
If the sequences (IIIb) and (11) at 1470 A are followed by combination of CH3 
to form ethane 
2CH3 - C H 
2 6  
it follows that the ratio of C2H2 to C2H6 should be two. 
and 2 . 7  have been observed for this ratio. 
From table I, values of 2 . 4  
A t  1236 w ,  C2H2 and C2HD a re  formed in comparable yields in the photolysis of 
CD3 C CH. This could be due to some contribution from the molecular process (ma) 
or to some abstraction of paraffinic deuterium by C2H formed in (IIlb). The latter 
explanation would suggest that the ratio of C2H2 to C2H6 should still be about 2 . 5  at 1236 A .  
Actually, the ratio is  8 to 10, suggesting appreciable formation of C2H2 not accompanied 
by methyl radical formation. Occurrence of the molecular process (IIIa) therefore is 
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probably occurring at 1236 w .  In this connection it should be noted that, in the presence 
of C2D4, cyclopropane-d4 and/or propylene-d4 should be formed by insertion of methylene 
into the double bond of ethylene. This has not been observed, although with 20%) C2D4, 
the principal fate of CH2 may still be reaction with methylacetylene. 
The various primary processes identified and estimates of their quantum yields 
are summarized in table V. 
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TABLE V 
SUMMARY OF PRIMARY PROCESSES AND THEIR ESTIMATED 
QUANTUM YIELDS IN THE PHOTOLYSIS O F  METHYLACETYLENE 
Quantum Yield 
Primary Process 1470 A 1236 A 
0.05 0.08 
0.10 0.00 to 0.08 
-4 H + .CH C 3 CH 0.06 <o. 01 
4 H + C H C  C. 0 . 0 3  <o. 0 1  
-.) CH + C2H 0 . 2 0  0.05 
+ C H  0.02 0.05 
2 
3 
3 
CH5? - 2 2  
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* 
THE PRODUCTION OF SINGLET C2 IN SHOCK-HEATED CYANOGEN 
R. J .  Fallon and M. P. R. Thomsen N67- 3 2 2 9 3  
Research Division, Melpar, Inc. , Falls Church, Virginia 
The emission and absorption of the Swan bands of C a re  readily observed 2 during the decomposition of carbon compounds in shockotubes. 1-7 Fairbairn and 
Gaydon have observed the Mulliken bands of C2 at 2313A during the pyrolysis of 
carbon monoxide, but to our knowledge this is  the only reported case of observation 
of singlet C2 in shock tubFs. We have succeeded in measuring absorption from the 
b1n state of C2 at 3852A behind the incident shock front in cyanogen-argon mixtures. 
The absorption lamp used in this work was a characteristic flash lamp similar 
to that reported by Bauer, Rol, and Kiefer. 
dimethyl-mecury and emits both the Swan and Deslandres d' Ajambuja systems of 
C2, as  well as  a strong mercury spectrum. There is no detectable CN violet emission 
in the lamp. The shock tube was 2.5-inch ID aluminum tube with a 1.5-meter driver 
section and a 4-meter experimental section. A large tank is placed at the end of the 
experimental section to prevent absorption measurements in the reflected shock 
region. The lamp output passes through quartz windows located in the wall of the shock 
tube and is brought to focus on the entrance slitsoof a grating monochromater with a 
reciprocal linear dispersion of approximately 25A/mm in second order. 
exit sl i ts  a r e  located in the focal plane of the spectrograph camera. 1P28 phototubes 
a r e  fitted to the exit slits, and their outputs are  recorded on the chopped sweep of an 
oscilloscope. The response time of the phototubes and associated electronics is 
approximately 5 psec. 
The lamp i s  filled with 10 torr  of 
Two movable 
The shock velocities were determined from two platinum heat-transfer gauges 
located 50 mm either side of the absorption windows. The output of the gauges was 
recorded on a direct-reading digital timer which resulted in a measurement accuracy 
of the oscilloscope absorption traces so that the time for absorption after passage of the 
shock front could be determined. 
upstream was used to initiate the flash lamp and trigger the oscilloscope after a preset 
delay time. 
of # I \  of7 
XU. LKI.  Marks from the shock front. passing the gauges were superimposed on some 
The signal from a third heat-transfer gauge located 
* This work was supported by the National Aeronautics and Space Administration under 
Contract NASw-1417. 
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1 The absorption of the c ng binu system of C 2  has been recorded 
behind the incident shock in 1, 2.5, 5, and 10% mixtures of cyanogen in aFgon for 
an initial pressure of 17 to r r  of gas mixture. The absorption of the 3650A mercury 
line was recorded simultaneously to monitor the background absorption. Emission 
intensitie 3 were recorded under similar shock conditions and, where necessary, 
were subtracted from the absorptio? records to obtain the correct level of absorption. 
The spectrometer bandpass was 2. OA and was set at the head of the (0,O) band at 
3852.2A, which covered the lines J = 3 to J = 17 in the P branch. 
For  all the C2 records, the absorption is observed to r i se  shortly after passage 
of the shock front (10 usec) and level off to a plateau. Some runs show an absorption 
maximum approximately 50psec after the front with a rapid decrease to a plateau value. 
For the higher concentrations, the plateau value rises with time, due to the onset of 
the continuum background absorption; for the lower concentrations, where there is 
negligible background absorption, the absorption level decreases. The plateau values 
of the measured absorption for the different concentrations a r e  shown in figure 1. 
temperatures were calculated assuming equilibrium was attained behind the incident 
shock and assuming eight species present: C2N2, CN, A r ,  C2, C3, N2, N, and C. 
The 
Patterson and Greene7 have studied Swan band emission during the pyrolysis 
of BrCn and have concluded that the C2 triplet is formed by reaction of CN radicals 
according to 
2 +  1 +  2 C N ( X C  ) + C2(X3n ) + N2 (X ) U 
This reaction violates the correlation rules for electronic orbital angular momentum 
for a planar complex and should be less likely than the reaction leading to formation 
of ground-state C2 from CN radicals. We believe that the rapid r i se  of absorption at 
the shock front and the large levels of absorption reported here  a r e  suggestive of 
production of singlet C2 from reaction of CN radicals. Rates a r e  presently being 
measured to ascertain this point. 
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Optical spectra resulting from the electron bombardment of molecules can 
yield information on excited molecules, fragments, lifetimes, oscillator strengths, 
and excitation c ross  sections. 
rotational distributions can determine "effective rotational temperatures" and 
uncover any abnormal distributions, which could then be used to formulate a frag- 
mentation process. A study has been initiated in this laboratory to investigate the 
electron bombardment spectra of compounds of astrophysical importance, specifi- 
cally those found in comets. 
In addition, under high resolution, studies of 
The electron bombardment studies were carr ied out in a high vacuum system 
containing an electron gun and a collision chamber, isolated from each other by 
apertured disks. 
with a pumping speed of 150 l/sec. 
was in the rqnge to second. Nominal operating pressures  in the collision 
chamber were from 1 x to 5 x 
the chamber. 
606). The filament 
was located 0. 7 cm from the collision chamber, the intervening space being occupied 
by accelerating and focusing grids. Electron energies f rom 70 to 500 e V  could be 
obtained in the collision chamber at up to 500 PA.  The vacuum baffle between the 
gun and collision chamber effectively limited the amount of scattered filament light 
seen by the spectrometer. The emission spectra were recorded photographically, 
using a Hilger-Watts 517 spectrograph with glass optics and 103a-F plates, and photo- 
metrically, using both a Bausch and Lomb (f/3. 5)  grating monochromator and a 
Jarrell-Ash 0 . 5  Meter Ebert  scanning spectrometer (f/8.6). 
The chambers were differentially pumped by 4-inch diffusion pumps 
The residence time for a molecule in the chamber , 
to r r  as recorded by a pair of thermistors in 
The electron gun was built from a commercial gun kit (Nuclide type 
The gun employed a tungsten ribbon filament operated at 1800°K. 
~ ~~ 
*This research was supported by the National Aeronautics and Space Administration 
under Contract NASw-1417. 
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The spectra recorded photographically during the bombardment of 58.5 milli- 
torr of CH4 with 100 eV electrons are summarized in table I. 
and atomic hydrogen was observed. 
several times that of the CH 3872 A emission. 
Emission from CH 
The intensity of the CH 4312 1 emission was  
TABLE I 
SPECTRA PRODUCED FROM THE ELECTRON 
BOMBARDMENT OF CH4 
H 
0 
Emitting Species System v '  v "  h (A) 
CH A ~ A ~ X  IT 0 ,  0 43 12 
B % 4  X 2 n  0 ,  0 3872 
1, 1 4036 
H 6562 
486 1 
4340 
2 
cy 
H Y  
The rotational fine structure in both the P and the Q branches of the 
CH B?Z + X 2n (0,O) band observed during electron bombardment of 58.5 millitorr 
has been examined photometrically at high resolution. Electron energies were 
varied from 100 to 400 eV. 
w a b  I I U L ~ ~  in clllo ,,,,,gy range. 
and Q branches in the CH band excited during bombardment of CH4 with 150 e V  
electrons is shown in figure 1. In the region of the dashed curve, the rotational 
lines could not be resolved. Both curves have similar broad shapes with an 
intensity peak near rotational quantum number K = 9. 
intensity distribution obtained from (1) the P branch of the same CH transition 
excited during electron bombardment of C2H2 
same CH transition in the oxygen-acetylene flame. 
No dependence of the rotational intensity distribution 
---e- --4 A +l.:- The rotational intensity distribution of both the P 
This is essentially the same 
and (2) the P and Q branches of the 
2 
A careful search was made for emission due to the C2A n g - +  X ' 3nu 
transition during the electron bombardment of CH4. 
negative. 
The results were entirely 
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ROTATIONAL QUANTUM NUMBER 
2 Figure 1. Rotational Intensity Distribution of Q and P Branches in CH B% -.) IT 
(0,O) Band Excited in Bombardment of CH at 58.5 Millitorr with 150 
eV Electrons 4 5-4 
c 
Some effort has been expended toward identification of CQ and C &  i n  the 
emission spectra of CH4 subject to electron bombardment. Convincing evidence 
could not be obtained with the present resolution due to the very intense CH emission. 
Higher resolution studies should enable an evaluation to be made of the potential 
presence of C 3  and CHt.  
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E LECTRON-IMPAC T E MISSION SPECTRA. 11. ACETYLENE * 
V. J. DeCarlo and M. J. Donohoe N61-32295  
Research Division, Melpar, Inc. , Falls Church, Virginia 
Optical spectra resulting from the electron bombardment of molecules can yield 
information on excited molecules, fragments, lifetimes, oscillator strengths, and excitation 
c ross  sections. In addition, under high resolution, studies of rotational distributions can 
determine "effective rotational temperatures" and uncover any abnormal distributions, 
which could then be used to formulate fragmentation process. A study has been initiated 
in this laboratory to investigate the electron bombardment spectra of compounds of 
astrophysical importance, specifically those found in comets. 
The electron bombardment studies were carried out in a high vacuum system 
The chambers were differentially pumped by 4-inch diffusion pumps with a pumping 
containing an electron gun and a collision chamber, isolated from each other by apertured 
disks. 
speed of 150 l/sec. The residence time for a molecule in the chamber was in the range 
second. Nominal operating pressures in the collision chamber were  from 
1 x to r r  as recorded by a pair of thermistors in the chamber. The 
electron gun was built from a commercial gun kit (Nuclide type 606). The gun employed 
a tungsten ribbon filament operated at 1800°K. The filament was located 0 . 7  cm from 
the collision chamber, the intervening space being occupied by accelerating and focusing 
grids. Electron energies from 70 to 500 e V  could be obtained in the collision chamber 
at up to 500 PA. 
limited the amount of scattered filament light seen by the spectrometer. The emission 
spectra were recorded photographically, using a Hilger-Watts 517 spectrograph with 
glass optics and 103a-F plates, and photometrically, using both a Bausch and Lomb 
(f/3.5) grating monochromator and a Jarrell-Ash 0.5 Meter Ebert scanning spectrometer 
(f/8. 6). 
to 
to 5 x 
The vacuum baffle between the gun and collision chamber effectively 
The spectra recorded photographically during the bombardment of 46 milli torr  
emission was several 
C2H2 with 100 eV electrons a r e  summarized in table I. Emission from C2, CH, and 
atomic hydrogen were observed. The intensity of the CH 4312 
times that of the CH 3872 1 emission. With regard to the C2 Swan emissions, the 
extension into the high pressure band system (6,5) is noteworthy. Preliminary indications 
of a non-equilibrium population of vibrational levels were confirmed by examination of the 
spectra using high resolution photoelectric recording. There is a marked dominance of 
intense transitions from upper vibrational levels of the A % state. 
*This research was supported by the National Aeronautics and Space Administration 
under Contract NASw-1417. 
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TABLE I 
SPECTRA PRODUCED FROM ELECTRON BOMBARDMENT OF C2H2 
Species System v‘,”‘ 
2 2 
2 2 
B C - + X  TT 
CH A A - X  TT 0 9 0  43  12 
090 3872 
c2 
3 3 
A TT -+x  
g U 
5165 
291 
392 
47 15 
4697 
493 4684 
695 4680 
H H 6562 
4861 H 
H 
6y 
B 
Y 4340 
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2 The P branch of tha CH B 3  4 X TT (0,O) band observed during the bombardment 
of 46 millitorr of C2H2 with 250 eV electrons has been examined photometrically at high 
resolution. Resolution of a significant number of the rotational lines of the Q branch 
was not obtained. 
In the region of the dashed curve, the rotational lines were not resolved. The broad 
shape of the curve with an intensity peak in the range of rotational quantum number K = 9 
is essentially the same as that obtained from the P and Q branches of the same CH 
transition excited during electron bombardment of CH4' and excited in the oxygen- 
acetylene flame. 
previously reported3 for CH from the electron bombardment of C2H2, is presumably 
the R branch, since, in the oxygen-acetylene flame spectra, the R branch of this system 
has a nearly identical distribution of rotational line intensity. 
The rotational intensity distribution of the P branch is shown in figure 1. 
The more narrow rotational intensity distribution peaking at K = 7 ,  
Some effort has been expended to find evidence for the CH' - !Z transition 
in the emission spectra of C2H2 subject to electron bombardment. Convincing evidence 
could not be attained even with the present 1 6 resolution, due to the very intense CH 
emission in the region of the CH' system. Higher resolution studies should enable an 
evalution to be made of the potential presence of CH'. 
1. 
2. 
3. 
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